This paper presents a real-time dynamic path planning method for autonomous driving to avoid collision with crossing pedestrian on branch streets. The velocity obstacle algorithms are introduced to pick up the collision-free velocities for vehicles. In this method, the curvilinear lane edges are considered as static obstacle while crossing pedestrians and approaching vehicles are considered as velocity obstacles. The paths planning of vehicles are optimized by considering the delay minimum and comfort of drivers under the constraints of appropriate parameters for veer, throttle, or brake systems. A single vehicle's path planning and multi-vehicles 'coordinated or uncoordinated paths planning with crossing pedestrian collision avoidance are experimentally simulated including the longitudinal and lateral motions planning of vehicles. The simulation results demonstrate the effectiveness of the proposed method and indicate its wide practical application on autonomous driving to improve the traffic safety of branch streets.
A safe and collision-free path towards their destinations can be planned by obtaining information for autonomous vehicles from their environments based on vehicle dynamics, maneuvering capabilities and traffic rules and road boundaries.
In recent years, some traditional algorithms of path planning are applied in the static or dynamic environments, including grid-based approaches, potential field approaches, intelligent optimization approaches and so on.
In grid-based approaches, the environment is mapped to a set of cells, the obstacles are assigned to the fixed cells, the vehicle will plan the optimal path to the destination to avoid obstacles. Optimal search algorithms such as A * and D * are typically used. The approach is extended to the dynamic environment recently, such as Wang et al. [8] provided a path planning of moving obstacles based on A * algorithm under uncertain circumstance. However, the complex environment will increase the computational burden, so grid-based approaches are not suitable for dynamic obstacle avoidance and high-speed path planning so far.
In potential field approaches, the potential field is constructed by the repulsive forces to obstacles and attractive forces to the goal position. The vehicle will choose the path along the steepest gradient of the potential field. Waydo and Murray [9] used the stream functions to plan the paths of autonomous vehicles. The obstacles in this approach are usually static and this approach can be trapped in the local minima of a potential field in some scenarios.
In intelligent optimization approaches, fuzzy logic control, neural network approach, rapidly-exploring random trees are popularly used. Devaurs et al. [10] solved a complex path planning problem by combining two RRT variants (RRT * and T-RRT). Zhang and Wang [11] presented a dual neural network approach to deal with the collision-free inverse kinematics problem. Soucy and Payeur [12] proposed a flexible fuzzy logic control method to solve the collision avoidance problems with manipulator robots. In such approaches, vehicles can choose a safe and smooth path among a finite set of available paths and drivers' preferences can be considered. However, the obstacles in this approach are usually static too.
The traffic on branch streets is uncertainty. Pedestrians or bicycles appear suddenly and their directions and speeds are changing in real-time, which will influence the path planning of vehicles. The irregular road edges will also impact the vehicles. The path planning of autonomous vehicles under branch streets environment should not only adapt to static but also to dynamic obstacles.
A particularly successful algorithm for vehicle real-time path planning, the collision cone [13] , [14] especially in the form of a velocity obstacle, is applied in this paper. Velocity Obstacles (VO) algorithms could deal with the velocities of multiples obstacles (static and/or dynamic) that result in collisions, then present agents a set of collision-free velocities. VO algorithms are firstly proposed by Fiorini and [15] . Since then, a family of VO algorithm have been developed for preventing collisions, such as Ellipse-Based VO (EBVO) [16] , Cooperative Collision Avoidance (CCA) [17] . VO algorithms have been applied in different scenarios, such as ship collision avoidance [18] , safe maritime navigation for Unmanned Aerial Vehicle (UAV) [19] . multi-robot navigation [20] . However, the application of VO algorithms on autonomous vehicles guidance is rarely especially in complex uncertain traffic environments.
The differences between autonomous vehicles' guidance and other agents' guidance, like ship, UAV and multi-robot, are as follows. For one hand, the paths of vehicles must within the road boundary, especially the branch streets are always in curvilinear forms. But other agents can move in the unrestricted activity spaces. For other hand, the appropriate parameters for veer, throttle, or brake systems are set to constraint the movement of vehicles, so the available paths of the vehicles to avoid obstacles are limited.
Taking the crossing pedestrians and approaching vehicles as dynamic obstacles and the curvilinear lane edges of branch streets as static obstacle, a path planning method for autonomous vehicles is proposed by applying VO algorithms in this paper. Moreover, many existing methods, such as Chen et al. [21] and Wang et al. [22] , only focus on the single car path planning. The proposed method in this paper can be used in multi-vehicles cooperative path planning, including not only longitudinal motion planning [23] [24] [25] but also lateral motion planning.
In conclusion, the merits of the proposed method are summarized as follows. (1) A path planning method for autonomous vehicles is proposed by considering the dynamic and static obstacles avoidance in branch streets based on the VO algorithms. (2) The dynamic movement process of autonomous vehicles can be well simulated and constrained in the lane boundaries, which has the feather of curvilinear.
(3) Multi-vehicles cooperative path planning can be achieved, including longitudinal and lateral motion planning simultaneously. The remainder of this paper is organized as follows. The driving environment is established in Section 2. The details of the static and dynamic collision-avoidance methods and optimal path planning are described in Section 3. Experiments for single and multi-vehicles path planning are given in Section 4. The conclusions of this paper are presented in Section 5.
II. DRIVING ENVIRONMENT ESTABLISHMENT A. CURVILINEAR LANE ENVIRONMENT
A section of the Mingde road in Changchun is selected as object environment in this paper. It has the feature of curvilinear, as shown in Figure 1 . The key points of geographic coordinates of the global route are picked up from the navigation map which is downloaded from the internet. The lane used in this paper is predefined in our research, but the process by which the geographic coordinates is obtained falls outside the scope of this paper. A parametric cubic spline is used to represent the lane considering the continuity of the first and second derivatives of the curve and the computational complexity. The general calculation process is as follows.
A section of the lane is selected as sample. The length of section [x 0 , x n ] is divided into N segments as shown in Figure 2 . The values of X and Y axes of nodes x 0 ,x 1 , · · · x n are obtained through the map with the criterion is x 0 < x 1 < · · · < x n . The three-spline function S(x) is satisfied on each segment [x j , x j+1 ] by experiment with the key points of x 0 , x 1 , · · · x n . Suppose S(x 1 ) is the fitted three spline interpolation function of the section [x 1 , x 2 ]. Based on the abscissa value x * in this section, the ordinate value y * can be obtained accordingly.
B. VEHICLE DYNAMIC MODLE
Let T be a discrete time step and usually set as 1s, the discrete vehicle kinematics model under the OXY coordinate system is calculated as shown in (1) .
where i is the identification of the time step, so t i and t i−1 are the i-th and i−1-th time steps. v is the speeds of vehicle, v is the acceleration of vehicle, δ is the front wheel deflection angle, δ is the front wheel deflection angle velocity, ϕ is the heading angle, x and y are the position of the vehicle, l is the wheelbase, usually set as 2.5∼2.7 m. Considering vehicle stability during acceleration or lanechanging operations, the acceleration and the speed of vehicle should satisfy the corresponding constraints as shown in (2) and (3) .
where v min , v max are the minimum and maximum accelerations, v max is the maximum speed, the values are −2.5 m/s 2 , 2.5 m/s 2 and 16 m/s respectively.
Considering the limitation of vehicle lateral motion, the increment of steering wheel angle and the front wheel angle of the vehicle should satisfy the constraints as shown in (4) and (5) . Let l MO , l MO and l NO , l NO be the left and right tangency rays of RO, RO starting from P R . The relative velocity of 
III. STATIC AND DYNAMIC OBSTACLES AVOIDANCE
The union is defined as Relative Collision Cone (RCC) [27] . It is a set of velocities and directions of R.
The RCC are the areas between rays l MO and l NO , between l MO and l NO .Beside these areas is the collision avoidance area in the road range, it is in gray as shown in Figure 3 . It is also the available driving space of vehicle R.
2) LANE EDGES COLLISION AVOIDANCE
To avoid collision with lane edges, it is necessary to identify the positions of the vehicle and the lane edges on the OXY coordinate system. As shown in Figure 4 , the y-coordinate of vehicle R is y R (t i ). Its closet spot of the road edge is P c . Let ϕ R (t i ) be the heading angle of vehicle R. Define the one edge of the lane as e1, so the corresponding y-coordinate on e1 is y e1 (t i ), which has the same x-coordinate as y R (t i ). Let e2 be the other edge of the lane, y e2 (t i ) be the corresponding y-coordinate on e2.To collision avoidance to the road edges, the vehicle should satisfy the constrains as shown in (7) and (8) . 
B. DYNAMIC APPROACHING VEHICLES COLLISION AVOIDANCE
Due to the lane mark is often set as dash line in branch street, so the vehicle can use the opposite direction lane to avoid the interference of roadside obstacles like parking vehicles. So, the vehicle needs to avoid collision with approaching vehicles at opposite direction on the same lanes under some situations especially at a two-lane two-way branch street.
1) DYNAMIC APPROCHING VEHICLE OBSTACLE
When two vehicles are about to meet, the time to collision and the corresponding collision avoidance strategies of the vehicles during these times are the keys of the control. Let P R1 , P R2 be the initial position vectors of two vehicles R1, R2, their velocity vectors are V R1 , V R2 , respectively. Let t meet be the minimal time to meet, it is a function of the distance between two vehicles and their relative velocities.
) be the initial coordinates of the vehicle R1 and R2 at time step i. The velocities of vehicles are decomposed into x-coordinate and y-coordinate:
. Accordingly, the time to meet can be calculated as (10) , as shown at the bottom of the next page.
2) APPROCHING VEHICLE COLLISION AVOIDANCE
When one vehicle passes another in the opposite direction, the tangent lines of their safety circles coincide and their tangent point is spot PL, as shown in Figure 5 . It means the vehicle R1 will meet the vehicle R2 at spot PL after T minutes. So, the vehicles must adjust their speeds or directions to avoid collision with each other. The two vehicles should satisfy the constraints as shown in (11) , as shown at the bottom of the next page.
Where, (x R1 (t 0 ), y R1 (t 0 )), (x R2 (t 0 ), y R2 (t 0 )) are the initial positions of vehicles. (x R1P (t 0 + T ), y R1P (t 0 + T )), (x R2P (t 0 + T ), y R2P (t 0 + T )) are the positions of vehicles after T minutes. Equation (11) means the distance between two vehicles should equal or larger than the safety distance when they meet at spot PL, w 1 , w 2 is the radius of safety circles of two vehicles. 
C. CROSSING PEDESTRIAN COLLISION AVOIDANCE 1) ONE PEDESTRIAN COLLISION AVOIDANCE
Crossing pedestrians are the most common velocity obstacles in road. The real-time directions and accelerations of pedestrians can be detected by autonomous vehicles. So, their collision risk can be avoided by planning path of the vehicles. A vehicle R located P R meets a crossing pedestrian P VOLUME 7, 2019 FIGURE 6. The relationship between R and P in OXY coordinate system. located P P , as shown in Figure 6 , the radius of safety circles of the pedestrian is r P , the velocities of the pedestrian is v P . According to the VO and Interactive Velocity Obstacle (IVO) theory [26] [27] [28] [29] [30] , let v Rnew be a new velocity of the vehicle. Therefore, the vehicle will accelerate or decelerate or just lane-change to satisfy the condition as v Rnew 
in the next time step to avoid collision.
The definition of the VO and the IVO can be expressed as follows.
where, α RP = (P P − P R ), α = arcsin(r PR /d PR ), d PR is the space distance between P P and P R , and the obstacle P is enlarged with radius r PR = r P + r R .
2) PEDESTRIAN COLLISION CONSTRAINTS
Let (y P (t i ) , x P (t i )) be the position of the pedestrian P at time step i,(v Px (t i−1 ), v Py (t i−1 )) is the x-coordinate and y-coordinate velocities of P at time step i − 1. The real-time movement information of pedestrians can be monitored by vehicle detection system and transferred to the center controller of vehicle. Combining with vehicle dynamic information, the parameters in (14) can be calculated as shown in (15)∼ (18) .
3) MULTI-PEDESTRIAN COLLISION AVOIDANCE Pedestrians appears in group or successively sometimes according to the relative positions of these pedestrians. Two control strategies of collision avoidance are proposed. 1) If the pedestrians stay closely, such as a companion trip, the multi-pedestrian can be considered as a complete large obstacle, the radius of the circle or ellipse can be expanded to contain all the pedestrians [31] .
2) If the pedestrians appear respectively, path planning of the vehicles should meet the multi-pedestrian's collision avoidance requirements at a time. Let VO RO i (v O i ) be the velocity obstacle of the i-th pedestrian, the union of the
obstacles can be expressed as
So, the feasibility velocity of the vehicle to avoid collision with multi-pedestrians is V A / ∈VO total .
D. PATH PLANNING OPTIMAL ALGORITHM
Path selection aims to find the optimal path under the premise of meeting collision avoidance. A cost function f is used to rank paths numerically and pick the lowest-cost path. Where r j is a path candidate which satisfy the collision avoidance with its cost f r j , the total number of alternative paths is m.
Considering comfortability and energy-efficiency, the cost function is determined by acceleration v(t i ) and the increment of wheel deflection angle δ(t i ), i is from 1 to n, represents the n time steps during the path planning of autonomous vehicle. The less v, the more energy-efficiency and the less δ, the more comfortable for driver, especially operates lane changing on the curve lane. The input of each time step for vehicle is u(
In this case, path selection process can be calculated by the evaluation index J 1 , and the best choice path is one that has the minimum value of n i=1 u(t i ) 2 , expressed by:
When two vehicles are approaching, in order to avoid collision, both should coordinate their paths according to each other's motion state. The cooperative path planning strategies should be designed to realize the optimum choices of paths with the minimum changes for both vehicles' wheel deflection angles and accelerations. Where r sk is the path candidate of the vehicle k(k = 1, 2) with its cost f (r sk ).The total numbers of alternative paths for vehicles are q, p, respectively. Under this situation, path selection process can be calculated by the evaluation index J 2 , and the choice process can be expressed by:
The optimal problem is solved by applying MATLAB software.
E. PROCESS OF PATH PLANNING OF AUTONOMOUS VEHICLE
Assume that the coordinates of the curvilinear lane have been obtained from a lane-level map. The autonomous vehicles will detect the static or dynamic obstacles by sensors and optimally plan the paths. The processes of paths planning are as follows:
Step 1 (Sensing): Acquisition of the positions (x P (t i ), y P (t i )) and velocities (v Px (t i ) ,v Py (t i )) of each crossing pedestrians P and each approaching vehicles R by Vehicle-borne Four-Line Lidar and Charge Coupled Device (CCD) camera. This information is received and processed by the information processing unit of the on-board computer of autonomous vehicle. After calculation, the computer anticipates the movement of obstacles at the next time step i+1, and the predicted results are used as data input for collision avoidance path planning of autonomous vehicle.
Step 2 (Collision Detecting and Avoiding): 1) Lane edges collision detecting The vehicle R can drive in the area that satisfy the conditions (7) and (8) at current time. The vehicle will pick up every feasibility velocity and path to avoid collision with lane edges, the set of paths is V A .
2) Crossing pedestrian collision detecting If some crossing pedestrians are detected, the autonomous vehicle R will judge the collision risks according to equation (14) . And the vehicle will pick up every collision-free velocity and path according (15) (16) . The feasibility paths set is V B .
3
) Approaching vehicles collision detecting
If there is a vehicle approaching from the opposite direction, the autonomous vehicle R will identify the collision time according to (10) . And the vehicle will identify the reachable velocities change window and pick up every available path according to (11) . The feasibility paths set is V C .
Step 3 (New Velocity and Best Path Selection): On this basis, all collision-free paths are within the set V A ∩ V B ∩ V C . Measure the evaluation index of each path and find the optimal solution according to (20) and (21) bounded to dynamic and kinematic constraints (1)- (5) .
Step 4 (Acting): The new velocity is inputted to the autonomous vehicle R for the next time step. The position of the vehicle is updated according to (1) . Back to the Step1 to continue to detect the potential threats.
IV. EXPERIMENT AND ANALYSIS
To verify the validity of the proposed model, the experiments are carried out under two traffic environments. For one case, a single vehicle selects optimal path to avoid collision with pedestrians. Another case, two vehicles pass each other to avoid collisions and their paths are coordinated or uncoordinated optimized. The cars following in the same lane aren't considered in our paper. All the experiments are assumed that there are one or two vehicles in the lanes.
The safety radius of pedestrian is r P = 1.34m based on the pedestrian service level. It reflects the comfort distance between pedestrians according to the road capacity manual [32] . Usually, pedestrian requires greater psychological safety distance when they encounter vehicles, so the circle radius r PR is set as 2m in this paper according to the questionnaire survey (The questionnaires options are 1m, 2m, 3m and 4m, respectively, and 81% of them choose 2m.). 
A. PATH PLANNING FOR ONE VEHICLE 1) THE TRAJECTORY SIMULATED
In the scenario of one vehicle, the driving trajectory is recorded by experimental simulation. The initial states of the vehicle R are summarized below:
Twelve-time steps are considered as control time, so i ∈ [1, 12] . The X and Y coordinates of pedestrian P and its velocities during these 12-time steps are perceived by the autonomous vehicle based on the Step1. The values are given as follows.
((x P (t i ) ; y P (t i )) = (40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51; 6, 5, 4, 3, 2, 1, 0, −1, −2, −3, −4, −5)(v Px (t i ) ; v Py (t i )) = (−1, −1, −1, −1, −1, −1, −1, −1, −1, −1, −1; 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1) The experimental results are shown in Figure 7 . The results show that the vehicle plans an available path to avoid collision with pedestrian. The trajectory shows that the autonomous vehicle goes straight 9m firstly, then turns to the right direction to avoid collision with the pedestrian after a process of deceleration. The vehicle drives a total of 43m longitudinal and near 4m horizontal distance from the initial position at the end of control. Because of the width of one lane is close to 4m, so we infer that the vehicle operates lane change behavior.
As the Figure 8(a) , (b) shows, the speed decreases continually and the acceleration is below 0 always, so we can infer that the vehicle adopts a deceleration strategy, which means the vehicle reach the potential collision point after the pedestrian. Judging from the change curve of velocity, there is a fast change of the speed at the beginning when driving in straight line, then slow down when lane-changing operation, the standard deviation of speed is 1.102s. The lane changing time of vehicle is 10 seconds according to the experiment results. It's within the time range for the driver to feel comfortable when operating lane-changing.
2) DISCUSSION
We compare the planned trajectory of autonomous vehicle with the classical lane change trajectory of normal vehicle which is described by a seven-degree polynomial [33] , as shown in Figure 8 . The beginning and the ending of positions on OXY coordinate system of these two vehicles are the same. It can be seen from the results that the variation trend of these two curves is basically consistent, which means the kinematic characteristics of autonomous vehicle is in accordance with the characteristics of the normal vehicle while operating lane-changing. The trajectory comparison shows that the autonomous vehicle realizes the lane-changing in advance to avoid the risk. 
Also twelve time steps are considered as control time, so i∈ [1, 12] . The X and Y coordinates of pedestrian P and its velocities during these 12-time steps are perceived by the autonomous vehicle based on the Step1. The values are given as follows.
((x P (t i ) ; y P (t i )) = (50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61; −1, 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10) (v Px (t i ) ; v py (t i )) = (1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1; 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 ).
1) PATH PLANNING SEPARATED
The experiment is to present the trajectories of two vehicles to avoid pedestrian separately, as shown in Figure 9 . The initial speeds of these two vehicles are the same as 7.5 m/s. The vehicle R1 slows down firstly, then accelerates to 6.8m/s and maintains the speed after that. While the vehicle R2 speeds up slightly in initial to 7.8m/s and the speed is maintained after that. The heading angles of two vehicles are changing smoothly during these times. Because no communication between two vehicles, so the vehicles operate separately. R1 and R2 are constantly adjusting their front wheel angle, which causes discomfort experiences during driving. It is can be inferred from the results that the R1 adopts the decelerate strategy to let the pedestrian go first but the R2 adopts the accelerate strategy,and the R2 reaches the collision point first. The 3D trajectories of the vehicles and the pedestrian are shown in Figure 10 . It shows that the vehicles and pedestrian arrive the collision points at different temporal and spatial dimensions. It verifies the correctness of the collision avoidance control algorithm.
2) PATH PLANNING COORDINATED
The two vehicles plan the paths coordinatively by communicating with each other. Two experiments are designed to show the differences of vehicle performances under circumstance where pedestrian appears or not.
x No pedestrian appeared situation As shown in Figure 11 , the two vehicles change lane when they pass each other to achieve lowest-cost path purpose. The accelerations of two vehicles are almost greater than zero and the speeds increase steady. The speed of R1 reach 7.54m/s at last when R2 is 7.52m/s, almost keep a uniform velocity, only a slight fluctuation compared with the initial speed. And their front wheel angles performance less fluctuation. Comparing the Figure 9 (b) and 11(b), the average speeds of two vehicles has increased under coordinative path plan compared with no coordination. The 3D trajectory is shown in Figure 12 , the two vehicles utilizes the time and space resources separately.
y One pedestrian appeared situation The results of two vehicles' coordinative path planning with one pedestrian collision avoidance are shown in Figure13. Vehicle R2 slows down firstly and changes lane from lane2 to lane1 after going straight for a while. Meanwhile, R1 changes lane from lane1 to lane2. The speeds of the two vehicles keep in the higher level but the front wheel angles change more than separated path planning either. The 3D trajectories are shown in Figure 14 . The pedestrian and two vehicles adopt the traffic lane recourses at different times.
3) DISCUSSION
Comparing the distances between vehicles and pedestrian under coordinative path planning or not, as shown in Figure15. The changes tread of distances is decreasing firstly, then increasing after the pedestrian passed by the conflict points. The minimum distances between R1 and pedestrian is reached at 8-th time step, R2 is reached at 9-th time step under uncoordinated condition. However, R1 and R2 reaches the minimum distance to pedestrian at 9-th time step simultaneously under coordinated condition. Obviously, in the case of incoordination, pedestrians will face the risk of twice collisions with vehicles, and coordinated condition will help reduce the risk of collision.
Compare the change in the vehicles' speeds and the change in the distance between vehicles and the pedestrian under coordinative path planning or not. The Standard Deviation (SD) of distance between R1 to pedestrian is coordinated condition. The fluctuation of distance is greater under uncoordinated than that under coordinated condition. The SD of acceleration under these three situations is shown in Figure16. It is shown that the acceleration varies significantly under uncoordinated condition. As we can see, under the cooperative conditions, the vehicles perform well.
V. CONCLUSION
In this paper, we have proposed a novel path planning method for autonomous vehicle to avoid obstacle collision on branch streets with curvilinear shape. To the best of the authors' knowledge, seldom studies have worked on the related issue.
Comparing with some traditional dynamic path planning for autonomous driving, the major advantages of the algorithm proposed in this paper is the optimized longitudinal and lateral motions of vehicle are planned simultaneously real-time by formulating the static and dynamic obstacle collision avoidance as premises. The drawbacks are the obstacles are simplified as circles which lacks shape classification to decide driving reachable area and without considering the drivers' feelings when operating changing lane. Otherwise, the model simplifies the real scene, considers relatively simple factors, and fails to describe the limitations of collision avoidance strategies under the conditions of car-following and free lane-changing. In the future work, more dynamical specialties will be taken account of, such as pedestrian group or parking vehicles and a 3D map with details will be used to classify obstacles and achieve precise and smart navigation. In addition, more experiments will be carried out to improve and apply this method in real-time path planning.
The contributions of this paper can be summarized as follows.
1) VO algorithms are applied in this paper to plan the paths of vehicles for preventing collision to static lane edges and dynamic pedestrians or other vehicles, and the longitudinal and lateral motions can be predicted real-time from simulation. The experiment results from 2D and 3D views to verify the effectiveness of the proposed method.
2) The trajectory planning is calculated as an optimization problem by considering the coordination of two vehicles under the premise of pedestrian collision avoidance. The experiments show that the SD of speed of vehicles in coordinated condition will be lower than uncoordinated condition.
